ABSTRACT An experiment was conducted to evaluate the effects of dietary α-lipoic acid (LA), acetyl-lcarnitine (ALC), and sex on antioxidative ability, energy, and lipid metabolism in broilers. A total of 972 one-day-old broilers with equal sex were randomly assigned in a 3 × 3 × 2 factorial design using 3 LA, 3 ALC levels, and 2 sexes (6 replications, 9 birds/replication). The LA and ALC levels were 0, 50, and 100 mg/kg, respectively. Results showed that increased LA or ALC resulted in increased total antioxidant capacity and superoxide dismutase (SoD) and glutathione peroxidase (GSH-Px) activities and decreased levels of malondialdehyde in serum and liver of birds (P < 0.05). In addition, with increasing addition of LA or ALC, an increased (P < 0.01) level of insulin (Ins), as well as decreased (P < 0.05) levels of glucose and glucagon (Glu), were observed in serum of broilers. Total cholesterol and triglyceride (TG) levels decreased (P < 0.05) and nonesterified fatty acid, lipoprotein lipase,
INTRODUCTION
Alpha-lipoic acid (LA), or 1,2-dithiolane-3-pentanoic acid, is a naturally occurring dithiol compound synthesized from octanoic acid in the mitochondrion (Packer et al., 1995) . As a cofactor for mitochondrial α-ketoacid dehydrogenases, LA serves a critical role in mitochondrial energy metabolism and lipid metabolism (Shay et al., 2009) . Moreover, the universal antioxidant, LA, as well as its reduced form, dihydrolipoic acid, are powerful antioxidants, quenching several reactive species in both lipid and aqueous domains (Packer et al., 1995) . Recently, LA administration increased serum superoxide dismutase (SOD) activities and decreased malondialdehyde (MDA) values have been observed in persons with age-related macular degeneration (Sun et al., 2012) , and increased glutathione peroxidase (GSH-Px) as well as SoD activities were found in diabetic rats (Dinçer et al., 2002) . In addition, LA supplementation stimulates glucose uptake in insulin (Ins)-resistant animals by activating the Ins signaling pathway and leads to changes in Ins and glucagon (Glu) levels. Moreover, a decreased level of triglyceride (TG) in serum was observed when broilers received dietary addition of 100 mg/kg of LA (Hamano, 2002) .
Acetyl-l-carnitine (ALC) plays an obligate role in fatty acid metabolism by directing fatty acids into the mitochondrial oxidative pathway through the action of specialized acyltransferases. Acetyl-l-carnitine supplementation improved growth performance, ameliorated antioxidant status, and increased efficiency of reproduction and immunity systems in broilers (Adabi et al., 2011) . Research has demonstrated ALC administration and lipase levels increased (P < 0.05) in serum with increased administration of LA or ALC. Moreover, a significant (P < 0.05) interaction of LA × ALC was observed for serum and liver SoD, serum GSH-Px, glucose, and TG levels. Birds fed diets containing 50 mg/ kg of LA and 50 mg/kg of ALC had higher serum and liver SoD activities and lower serum glucose and TG levels than those fed diets containing 100 mg/kg of LA or ALC alone. The main effect of sex and all interactions among main effects (except LA × ALC) were not significant (P > 0.05) for all of the above parameters. overall, the present data indicate that LA or ALC supplementation, or both, at low levels (50 or 100 mg/kg) improved antioxidative ability, energy metabolism, and lipid metabolism in broilers, and synergistic effects by the combined supplementation of LA and ALC were indicated by serum and liver SoD activities and serum glucose and TG levels.
decreases the levels of MDA while elevating the levels of SoD and glutathione (GSH) content in blood (Dayanandan et al., 2001) ; it also improves indices of lipid metabolism and hormones involved in energy metabolism in rats (Feng et al., 2001) .
Alpha-lipoic acid and ALC have been found to be protective nutrients of mitochondria and are endogenously synthesized co-factors critical for cellular energy metabolism. The combination of LA and ALC shows a positive effect on repairing cell damage and reducing oxidative stress (Sethumadhavan and Chinnakannu, 2006) . Furthermore, exogenous administration of LA and ALC have been documented to improve mitochondrial function, glucose tolerance, and Ins resistance in diabetic rats (Hao et al., 2011) ; therefore, the combination of LA and ALC may provide a possible therapeutic intervention for treating type 2 diabetes.
Sex has an important effect on growth or blood biochemicals of animals and humans. Shim et al. (2012) reported that male broilers had heavier carcass and breast weight compared with female broilers. In addition, sexual difference in response to the treatment with LA occurred in growth performance, lipid metabolism, and lipid peroxidation of broilers (Hamano, 2014) . Therefore, the sex-related differences in growth rates and carcass yields may also show different oxidative status and sensitive to LA and ALC in birds.
Previous studies from our laboratory have shown that addition of 300 mg/kg of LA into diets could enhance antioxidant capability of broilers (Zhang et al., 2009; Chen et al., 2011) and piglets . Moreover, lipid metabolism was improved at high supplementation of ALC (600 mg/kg) in broilers (Zhang et al., 2010) . The objective of this study was to determine whether supplementation of LA and ALC at lower levels (50, 100 mg/kg) can also improve antioxidative ability, energy, and lipid metabolism in broilers. In addition, we have investigated whether there is an interaction between LA and ALC in the above indices.
MATERIALS AND METHODS

Birds and Diets
A total of 972 one-day-old Ross 308 half males and half females chicks were obtained from a commercial hatchery (Chia Tai Co. Ltd., Hebei, China). Birds with similar BW (46.2 g) were randomly assigned to 18 groups replicated with 6 pens of 9 chicks per treatment (54 chicks/dietary treatment). Treatments were arranged in a factorial design with 3 levels of LA (0, 50, and 100 mg/kg; Sigma Chemical, St. Louis, Mo), 3 levels of ALC (0, 50, and 100 mg/kg; Sigma Chemical) and 2 levels of sex (male and female). The chicks were fed a starter diet from 0 to 3 wk of age and grower diets were offered from 4 to 6 wk of age. Diets were based on corn-soybean meal to meet or exceed nutrient requirements for broilers of National Research Council (NRC, 1994) . Chicks were maintained on a constant lighting program and allowed ad libitum access to the treatment diets. The animal care protocol was approved by the Animal Welfare Committee of China Agricultural University. The ingredients and nutrient content of basal diet in different growing phases are shown in Table 1 .
Serum and Tissue Preparation
on d 42 of the experiment, one bird from each pen (6 chicks per treatment) with BW close to the average was selected. Feed and water were withdrawn 12 h before slaughter. Blood was drawn from the wing vein with a heparinized syringe and collected in iced tubes then centrifuged at 3,000 × g for 10 min at 4°C to obtain serum. Serum was immediately separated and stored at −20°C. Immediately upon euthanization, liver tissues were harvested, snap-frozen in liquid nitrogen, coded, and maintained in 80°C. Liver tissues (2 g) were cut into small pieces and homogenized in ice-cold saline buffer (0.85%, pH = 7.2; 1:9, wt/vol) with an UltraTurrax (T8, IKA-Labortechnik, Staufen, Germany) to form homogenates at a concentration of 0.1 g/mL for further analysis. Before being used, the supernatant was collected by centrifuged liver homogenates at 1,000 × g for 15 min at 4°C.
Measurements
Antioxidant Indices in Serum and Liver. The concentrations of total antioxidant capacity (TAOC), SoD, GSH-Px, and MDA levels in serum and liver supernatants prepared as described above were determined spectrophotometrically (model 722N, Shanghai Precision Scientific Instrument Co. Ltd., Shanghai, China) with the clinical chemistry analyzer (Commercial Kit, Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Lipid and Energy Metabolism Levels in Serum
Both Ins and Glu were determined using assay kits purchased from Nanjing Jiancheng Bioengineering Institute with an RIA counter (model xh6020, 262 National Nuclear Co., Beijing, China). Serum glucose, TG, nonesterified fatty acid (NEFA), total cholesterol (TC), lipoprotein lipase (LPL), and lipase (LPS) were conducted using assay kits purchased from Nanjing Jiancheng Bioengineering Institute according to the manufacturer's instructions.
Statistical Analysis
Normal distribution of data was determined using the NoRMAL option of the UNIVARIATE procedure and for homogeneity of variances for treatment means using the HoVTEST option of the GLM procedure of SAS software (2004, SAS Institute Inc., Cary, NC). Data were analyzed as a completely randomized design with treatments arranged in a 3 × 3 × 2 factorial, the main effects of LA (0, 50, and 100 mg/kg), ALC (0, 50, and 100 mg/kg), sex (male and female), and the interactions among these factors were analyzed with the least squares means using the Bonferroni test. Effects were considered significant when P < 0.05.
RESULTS
Activities of Antioxidant Enzymes and MDA Levels in Serum and Liver
The main effects (LA level, ALC level, sex) and their interactions on activities of antioxidant enzymes and lipid peroxidation levels in serum and liver of broilers are shown in Tables 2 and 3 . The main effects of LA inclusion were significant (P < 0.001) for TAoC activities in serum and liver of broilers. Birds fed diets containing 100 mg/kg of LA improved (P < 0.01) the activities of TAoC more than those fed 0 and 50 mg/kg of LA. Main effects of ALC, sex, and all possible 2-and 3-way interactions among the main effects (LA, ALC, and sex) were not significant (P > 0.05) for serum and liver TAoC levels in birds. 1 LA = lipoic acid; ALC = acetyl-l-carnitine; TAoC = total antioxidant capacity; SoD = superoxide dismutase; GSH-Px = glutathione peroxidase; MDA = malondialdehyde.
2 Least squares means are the result of 6 replicate means of 6 birds per treatment. 3 The interactions among other main effects (LA × sex; ALC × sex; LA × ALC × sex) were not significant (P > 0.05).
*P < 0.05; ***P < 0.001.
A significant (P < 0.05) interaction of LA × ALC for serum and liver SoD levels was observed. In diets with 50 mg/kg of LA, the serum SoD activities were enhanced (P < 0.05) as ALC supplementation increased from 50 to 100 mg/kg. Birds fed 50 or 100 mg/kg of LA had enhanced (P < 0.05) liver SoD activities as ALC addition increased from 50 to 100 mg/kg. Birds fed diets containing 50 mg/kg of LA and 50 mg/kg of ALC had higher serum and liver SoD activities than those fed diets containing 100 mg/kg of LA or ALC alone. Main effects of sex and other interactions among main effects (LA, ALC, and sex) were not significant (P > 0.05) for serum and liver SoD levels in birds.
A significant (P < 0.05) interaction of LA × ALC was observed for serum GSH-Px levels. In diets with 50 or 100 mg/kg of ALC, the serum GSH-Px activities in birds were significantly (P < 0.05) improved as LA addition increased from 0 to 100 mg/kg. The liver GSHPx levels were significantly (P < 0.001) affected by the dietary LA and ALC level. Neither the main effect of sex nor the other interactions among main effects (LA, ALC, and sex) were significant (P > 0.05) for liver GSH-Px levels in birds.
The main effects of LA or ALC inclusion were significant (P < 0.001) for serum MDA levels in birds. Increasing the inclusion of LA resulted in lower (P < 0.001) serum MDA content. Birds fed diets containing 100 mg/kg of ALC had lower (P < 0.001) MDA content compared with those fed diets containing 0 mg/kg of ALC. Neither the main effect of sex nor the other interactions among main effects (LA, ALC, and sex) were significant (P > 0.05) for MDA content. Table 4 shows the main effects (LA, ALC, and sex) and their interactions on serum Ins, Glu, and glucose levels. A significant (P < 0.05) interaction of LA × ALC was observed (P < 0.001) for Ins level. In the diet with 0 mg/kg of LA, increasing the dietary ALC supplementation from 0 to 100 mg/kg had no effect on Ins level. However, in diets with 100 mg/kg of LA, Ins content was higher in birds fed 100 mg/kg of ALC compared with birds fed 0 or 50 mg/kg of ALC.
Serum Ins, Glu, and Glucose Levels
The addition of LA to the diet significantly (P < 0.01) affected the levels of Glu in serum of birds. Broilers fed diets supplemented 50 or 100 mg/kg of LA had lower (P < 0.01) Glu levels compared with the birds fed with no LA-supplemented diet.
A significant (P < 0.05) interaction of LA × ALC was observed for serum glucose content. In diets with no ALC, 100 mg/kg of LA resulted in lower glucose 1 LA = lipoic acid; ALC = acetyl-l-carnitine; TAoC = total antioxidant capacity; SoD = superoxide dismutase; GSH-PX = glutathione peroxidase; MDA = malondialdehyde.
content compared with 0 mg/kg of LA. In diets with 50 mg/kg of ALC, 100 mg/kg of LA resulted in lower (P < 0.05) glucose content to that of 0 mg/kg of LA. Birds fed diets containing 50 mg/kg of LA and 50 mg/kg of ALC exhibited a significantly (P < 0.05) lower serum glucose content compared with supplemented 100 mg/ kg of LA or ALC alone. The main effect of sex was not significant (P > 0.05) for the serum Ins, Glu, and glucose levels in birds.
Serum Lipid Profiles
As shown in Table 5 , the main effects (LA level, ALC level, sex) and their interactions influence serum lipid profiles in broilers. A significant (P < 0.05) interaction of LA × ALC was observed for serum TG content. In diets with 50 or 100 mg/kg of ALC, serum TG content was significantly (P > 0.05) decreased with increasing supplementation of LA in birds. Diets containing 50 mg/kg of LA and 50 mg/kg of ALC exhibited significantly (P < 0.05) lower TG levels compared with individually supplemented 100 mg/kg of LA or ALC diets in serum of birds. Both combined LA and ALC supplemented groups showed lower levels of TG in serum of birds than those birds fed with ALC alone.
Dietary ALC level had a significant (P < 0.05) effect on serum TC, NEFA, LPL, and LPS levels, with increasing ALC levels resulting in lower (P < 0.05) serum TC levels and higher serum (P < 0.01) NEFA, LPL, and LPS levels. The main effect of LA level, sex, and the interactions among main effects (LA, ALC, and sex) were not significant (P > 0.05) for serum TC, NEFA, LPL, and LPS levels.
DISCUSSION
Serum and Liver Activities of Antioxidant Enzymes and Lipid Peroxidation Levels
In farm animals, oxidative stress may be involved in conditions that are relevant for animal production and the general welfare of individuals (Lykkesfeldt and Svendsen, 2007) . oxidative stress is one of the main factors not only impairing the metabolism, physiology, feed efficiency, production performance, and health of broilers, but also limiting quality and acceptability of poultry products. oxidative damage occurs in birds because of an imbalance between the productions of reactive oxygen species (ROS) and the animal's defense mechanisms. This can be prevented by an intake of nutrients involved in the antioxidant defense system. In recent years, oral utilization of LA (100 mg/kg of BW per d) and ALC (300 mg/kg of BW per d) was proven efficacious in preventing damage to the proteins The interactions among other main effects (LA × sex; ALC × sex; LA × ALC × sex) were not significant (P > 0.05).
*P < 0.05; **P < 0.01; ***P < 0.001. and cardiac tissue induced by free radicals in aged rats (Sethumadhavan and Chinnakannu, 2006; Savitha et al., 2007) . However, the effect of feeding lower levels (50 and 100 mg/kg) of LA and ALC on activities of antioxidant enzymes and levels of lipid peroxidation in serum and liver of birds have not yet been studied. There is growing evidence that LA maintains cellular antioxidant status by quenching free radicals. For instance, reports show that LA (150 mg/kg) supplementation enhances lipid stability of broiler meat with increased activity of scavenging free radicals and decreased amount of MDA (Sohaib et al., 2012; Yasin et al., 2012) . In the present study, a clear correlation between the amount of LA in the diet and the activities of TAoC, SoD, GSH-Px and amount of MDA in serum and liver of birds was observed. The higher level of LA caused significant higher activities of TAoC, SoD, GSH-Px and less formation of MDA. Previous studies also reported that LA supplementation elevated activities of TAoC, SoD, and GSH-Px and reduced MDA content both in serum and liver of broilers at higher levels of supplementation (300, 600, or 900 mg/ kg; Zhang et al., 2009; Chen et al., 2011) . This may because LA can increase sirtuin 1 and sirtuin 3 proteins, which were demonstrated to stimulate several antioxidant defenses (Valdecantos et al., 2012) . In addition, LA appears to be an inducer of Nrf2-mediated antioxidant gene expression (ogborne et al., 2005; Shay et al., 2008) , which significantly increases expression of the cellular capacity to synthesize GSH in liver (Shay et al., 2008) . The increased intracellular GSH content activate the GSH-Px, thereby preventing the accumulation of H 2 o 2 . When GSH-Px succeeded eliminating H 2 o 2 from the cell, the degressive H 2 o 2 has been shown to cause activation of SoD (Reiter et al., 1999) . Elevation in the activities of these antioxidant enzymes enhance antioxidative status and decrease lipid peroxidation by RoS, which in turn reduce serum and liver MDA levels.
It has been proved that ALC can improve antioxidant defense system and increase the activities of enzymes involved in defense against oxidative damage (Brown, 1999) . Previous studies demonstrated that intraperitoneally administered ALC (300 mg/kg of BW per d) decreased the content of MDA while elevating the levels of SoD and GSH in the liver of atherosclerotic rats (Dayanandan et al., 2001 ) and aged rats (Kalaiselvi and Panneerselvam, 1998) . This is consistent with our findings that the addition of ALC enhanced the activities of SoD and GSH-Px and decreased content of MDA in the serum and liver of broilers. The ALC supplementation might have enhanced ATP production and improved the overall protein synthesis including SoD and GSH-Px (Conti et al., 1994) . Moreover, ALC can protect these enzymes from further peroxidative damage (Kalaiselvi and Panneerselvam, 1998) . The amount of MDA decreased may be due to ALC active the transport of fatty acids for energy production, thereby lowering the availability of lipids for peroxidation. In the present study, no sex effect was observed in antioxidant enzymes and lipid peroxidation levels of birds. In previous studies, the activities of antioxidant enzymes in serum or liver of birds were investigated in relation to health status of stress, but investigations depending on the sex of the birds have not been published at present. Further investigation is needed to determine if there is a sex effect. The above discussion indicates that previous studies showed enhanced antioxidant ability by the use of high doses (>300 mg/kg) of dietary LA or ALC, whereas diets containing 50 mg/kg of LA and 50 mg/kg of ALC exhibited significantly increased serum and liver SoD activities compared with individually supplemented 100 mg/kg of LA or ALC. This difference might be due to differences in routes of supplementation or animal rearing conditions. However, another possible reason is the combined LA and ALC supplementation showed synergistic effects for increasing serum and liver SoD activities. It is well established that combinations of antioxidants have superior effects compared with single antioxidants because 2 or more antioxidants together can act synergistically (Meligaard et al., 2007) . Makeeva et al. (2008) observed that LA and α-tocopherol synergistically quench RoS and consequently inhibit the oxidative damage in biological systems. In addition, Kim et al. (2011) found that LA and l-carnosine showed synergistic effects for increasing liver SoD activities in rats. However, further studies are required to investigate the effect of the 2 compounds in broilers.
It can be concluded that LA and ALC show synergistic effects against lipid peroxidation in birds. Lower levels of LA addition is an effective means of improving oxidative status in serum and liver of broilers, and is better in combination with dietary ALC supplementation.
Serum Ins, Glu, and Glucose Levels
Insulin and Glu serve as primary hormones with important roles in controlling the activities of a set of metabolic enzymes by phosphorylation or dephosphorylation and regulating the expression of genes encoding glycogen synthesis (Saltiel and Kahn, 2001) . In mammals, LA decreased plasma glucose by enhancing Ins sensitivity (Streeper et al., 1997; Hamano, 2006) . Also, a study demonstrated that administered carnitine as a primed (3 mmol) constant intravenous infusion can increase Ins sensitivity and enhance glucose metabolism in humans (Ferrannini et al., 1988) . These findings are consistent with our findings that supplementing LA and ALC significantly increased Ins and decreased glucose levels. These results indicated that increased LA and ALC concentrations enhanced Ins sensitivity. The mechanism may be that LA and ALC attenuate oxidative stress by quenching RoS in serum. The RoS impaired Ins signaling by disturbing cellular redistribution of Ins signaling components, decreasing GLUT4 gene transcription, and altering mitochondrial activity (Rains and Jain, 2011) .
The LA and ALC presented significantly interactive effect on the levels of Ins and glucose in serum of birds. Birds fed diets containing 50 mg/kg of LA and 50 mg/ kg of ALC exhibited a significantly lower glucose content compared with supplementation of 100 mg/kg of LA or ALC alone in serum. These results indicated that the combined effect of LA and ALC enhanced Ins sensitivity and gave better control of glucose than separate effects of LA and ALC. This may be because LA and ALC have synergistic effects in eliminating RoS.
Serum Lipid Profiles
The beneficial effects of LA on lipid metabolism have been reported in a previous study (Hamano, 2002) . In addition, it is well known that l-carnitine, as the carrier delivering NEFA into mitochondria for β-oxidization, regulates the process of lipid metabolism. However, despite the considerable attention in studies on dietary LA and ALC supplementation, there is insufficient information on the interaction between these 2 compounds in broilers.
Reports show that LA has antihypertriglyceridemic effects. In birds supplemented with this coenzyme in the present study, the proportion of TG in serum lipids was significantly decreased with the increasing level of LA, suggesting that the utilization of fatty acids was stimulated. In agreement with that, Ford et al. (2001) observed that supplementation of LA (300 mg/kg of BW per d) caused a decrease in plasma TG concentrations in diabetic rats. However, other studies found the effect of LA on circulating lipid profiles were changing with time. Hamano (2002) observed decreased TG concentrations and unchanged NEFA levels at d 29 of LA (100 mg/kg) supplementation but increased TG and NEFA concentrations on d 44 in broilers. The TGlowering effect of LA could be related to increase catabolic pathways of lipolysis mediated by AMP-activated protein kinase (Towler and Hardie, 2007) . In addition, dietary LA increased Ins level, which suggested downregulation of expression of gene expression of several hepatic enzymes involved in the de novo synthesis of TG (Shay et al., 2009) .
The beneficial effects of carnitine on lipid metabolism have been reported in studies using hyperlipidemic animal models (James et al., 1995; Sayed-Ahmed et al., 2001) . Also, Tanaka et al. (2004) observed that supplementation of ALC in drinking water at a daily dose of 100 mg/kg of BW for 3 mo could decrease plasma TG and TC concentrations in aged rats. Acetyl-l-carnitine supplementation enhances the oxidation of fatty acids, which concurrent increases in the production of ketone bodies and the amount of ketone bodies changed inversely with the change in TG levels (Maccari et al., 1987) . Moreover, feeding ALC increased activities of LPL, thereby leading to a higher concentration of fatty acids in serum by accelerating hydrolysis of TG to glycerol and fatty acids. Thus, the decrease of TG levels may be due to the effect of ALC on activation of LPL and fatty acid oxidation. In the current study, we detected the beneficial effect of ALC in broilers. It shows that levels of TG and TC are decreased and levels of NFEA, LPL, and LPS are increased with dietary ALC (50 or 100 mg/kg) level. It is consistent with the study, which established that the administration of 50, 75, or 100 mg/kg of ALC to the diet increased serum NEFA concentration but decreased TG content in broilers (Xu et al., 2003) . However, Zhang et al. (2010) found that levels of TG and NEFA were improved at high supplementation of ALC (600 or 900 mg/kg) in broilers. Differences in physiological status of the animals and feeding environment may be responsible for the discrepancies between these studies.
There was a significantly interaction of LA and ALC on TG contents in serum of broilers. In the present study, supplementation of 50 mg/kg of LA and 50 mg/ kg of ALC exhibited significantly lower serum TG content than the addition of 100 mg/kg of LA or ALC alone. This suggests a synergistic effect of LA and ALC on fatty acid oxidation in birds.
In conclusion, the results indicate that dietary adding LA, ALC, or both at lower concentrations (50 or 100 mg/kg) improves antioxidative ability, energy, and lipid metabolism in broilers. Moreover, combined LA and ALC supplementation showed synergistic effects for increasing serum and liver SoD activities, decreasing serum glucose and TG levels in birds.
